Hereditary epigenetic variation, initially recognized and studied extensively in plants, had not been reported in mammals until recently. We have now identified the Kit locus as the first example of a paramutable gene of the mouse. Kit +/+ homozygotes born from Kit tm1Alf/+ heterozygotes maintain and transmit to their progeny the white-spotted phenotype characteristic of the mutant heterozygote. Our observation of unusual amounts of RNA in the sperm of the paramutated (Kit*) males had led us to consider the possibility of RNA-mediated inheritance. A role for RNA was supported further by the efficient establishment of the epigenetic modification following microinjection in one-cell embryos of either sperm RNA of the paramutated males or of the Kit-specific microRNAs miR-221 and -222. In this article, we describe the phenotypes associated with the wild-type genome in the Kit* paramutated animals. Paramutation may be considered to be one possibility of epigenetic modification in the case of familial disease predispositions that are not fully accounted for by Mendelian analysis.
Widely recognized as an exception to Mendel's law, paramutation is a meiotically stable epigenetic modification that occurs due to an interaction between alleles in a heterozygous parent. First observed in maize [1] and subsequently documented in a variety of plants [2] , it is a heritable epigenetic change of the phenotype of a 'paramutable' allele, initiated by interaction in heterozygotes with a 'paramutagenic' form of the locus. Until recently, it had not been reported in a mammalian species. In the mouse, two cases of allele-dependent heritable changes in genomic methylation were described as 'transvection' and 'paramutation-like' effects [3, 4] , but no sensu stricto paramutation that would result in a change in phenotype. More recently, we showed a clear departure from the Mendelian distribution of phenotypes in the progeny of crosses between heterozygotes carrying the wild-type allele encoding the Kit receptor and a null allele produced by a LacZ-Neo cassette insertion into the first exon of the gene [5] . We found that most of the progeny genotyped as wildtype homozygotes maintain and transmit to the following generations the white tail characteristic of the mutant. The tm1Alf mutation [6] homozygotes die shortly after birth, and heterozygotes show a white tail tip and white feet ( Figure 1 ). We initially observed an abnormal segregation of phenotypes in the progeny of crosses between two heterozygous parents. Wild-type genotypes were identified by analysis (PCR and Southern Key words: epigenetic change, heredity, paramutation, RNA, sperm. 1 To whom correspondence should be addressed (email minoo@unice.fr).
blot) of the genomic DNA. However, it was striking that most of these genetically Kit +/+ mice maintained the white patches characteristic of the parental heterozygotes. The occurrence of this modified 'paramutated' form of the Kit + allele (designated Kit* in Figure 1 ) was not restricted to the progeny of heterozygote intercrossing, but also observed in Kit tm1Alf/+ crosses with wild-type partners, independently of the gender combination. It was not dependent on the genetic background of the mice, since the same phenotypes were found in the progenies of Kit tm1Alf/+ heterozygotes with 129Sv, C57Bl/6 or B6D2 genetic backgrounds. The paramutated phenotype was inherited (Figure 2) , with a variable phenotypic extent depending on the crosses. The degree of white-spotting was increased in successive crosses between Kit tm1Alf/+ heterozygotes and more weakly expressed in crosses with wild-type partners. Progenies of paramutant Kit homozygotes maintained the paramutated phenotype when intercrossed, but progressively lost the phentoype when outcrossed with wild-type animals.
We searched for a molecular basis of paramutation by using standard technique for differential DNA methylation or histone covalent changes. Even though we failed to find any difference between the paramutated and normal genomes, it cannot be excluded that there is a critical role for such changes in either a specific cell type or in one of the more distant and not yet precisely mapped control regions which had been inferred from the analysis of Kit mutants [7] .
In contrast, RNA analysis has revealed a 2-fold reduction in polyadenylated Kit mRNA in the paramutated (Kit*) progeny, despite the presence in the latter of two structurally normal wild-type alleles. Their mutant-like phenotype was explained by abnormal post-transcriptional processing of 
Figure 2 Progeny of heterozygote mutants
White-spotted phenotype of Kit tm1Alf/+ heterozygote mutant and variable Kit* paramutated animals with wild-type genotype.
the Kit gene, resulting in the white-spotted phenotype. In addition to a marked decrease in mature mRNA, the presence of Kit RNAs of abnormal sizes was indicative of perturbed post-transcriptional processing and/or secondary cleavage of mature RNAs. In the testis, Northern blot analysis detected a dispersed smear of RNA molecules of multiple sizes. Since they were identified with a 5 probe corresponding to the region disrupted by LacZ insertion, and did not hybridize with a LacZ probe, it is clear that they were derived from the Kit* allele. They were clearly distinct from the LacZ transcript normally expressed from the Kit promoter of the mutant. Deregulation of transcription at the late spermatogenic stages was evident in the heterozygote germ cells by Northern blot analysis showing accumulation of Kit RNA sequences in both round and elongated spermatids, contrasting with the silent state of the gene at the same stages of the wild-type mouse [8] [9] [10] [11] . Probably as a consequence of its deregulated expression, Kit RNA was detected not only in the spermatids of heterozygotes and paramutated mice, but also, even more unexpectedly, in mature epididymal sperm. Quantitative real-time PCR detected Kit RNA sequences in sperm extracts in addition to other transcripts (including Gapdh, Prm1 and Prm2). Acridine Orange staining showed, in heterozygous and paramutated males, the accumulation of orange/redstained material in the vicinity of their nuclei, presumably corresponding to RNA [12] . FACS analysis confirmed a significant degree of red staining. On the other hand, a more variable intensity of the green stain (DNA) was indicative of a less compact chromatin structure. We could then independently confirm an increased load of RNA molecules in the sperm of the heterozygotes and paramutated animals by the classical EDTA reverse-staining method (Figure 3) . We then tested whether the presence of Kit RNA in sperm was the signal that triggers the heritable epigenetic change in the progeny. For that purpose, we performed microinjections of RNA from Kit tm1Alf/+ heterozygote males, including sperm RNA, into wild-type fertilized eggs. The mice born after re-implantation of these eggs displayed the white tail phenotype at frequencies in the range 40-50%, which was efficiently transmitted to their progeny. Injection of RNA from wild-type animals was inefficient, leading us to propose that the modified phenotype results from the transfer to the embryos of cleaved Kit RNA molecules. In agreement, we found that injection of two microRNAs which target Kit mRNA, miR-221 and -222, resulted in induction of the fully heritable paramutated white-spotted phenotype.
Consistent with converging evidence of a role of RNA in the establishment of epigenetic states [13] , our results reveal an unexpected mode of epigenetic inheritance by the zygotic transfer of RNA molecules. The mouse model might then provide a clue to understand the function of the RNA molecules observed in human sperm [14] . The hypothesis that RNAs of paternal origin, including microRNAs, can play a role in modulating gene expression in the embryo has been put forward recently [15] , and paramutation in the Kit gene may provide a useful experimental model for further analysis.
